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We aimed to examine the response of three tomato introgression lines (1L925.3, 1L925.5 and 1L925.6) to
NaCl stress. These lines originated from a cross between M82 (Solanum lycopersicum) and the wild salt-
tolerant tomato Solanum pennellii, each line containing a different fragment of the S.pennellii genome.
Salt-sensitive phenotypes related to plant growth and physiology, and the response of antioxidants, pig-
ments and antioxidant enzymes were measured. In general, salt stress decreased the fresh weight of
leaves, leaf area and leaf number and an increase of Na* accumulation in aerial parts was observed, which
caused a reduction in the absorption of K* and Ca?*. Salt stress also induced a decrease in chlorophyll,
carotenoids and lipid peroxidation (MDA) and an increase in anthocyanins and reduced ascorbate,
although some differences were seen between the lines, for example for carotenoid levels. Guaiacol per-
oxidase, catalase and glutathione reductase activity enhanced in aerial parts of the lines, but again some
differences were seen between the three lines. It is concluded that 1L.925.5 might be the most sensitive
line to salt stress as its dry weight loss was the greatest in response to salt and this line showed the high-
est Na* ion accumulation in leaves.
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INTRODUCTION

Tomato has an important place in the human diet since it is consumed throughout the
year and worldwide. It is therefore important for plant breeders. According to
Sharifova et al. [60] the cultivated tomato (Solanum lycopersicum L.) is economi-
cally one of the most important plants grown in the Solanaceae family. The species
of cultivated tomato has been widely studied in terms of genetics, genomics and
reproduction [24]. A large phenotypic variability of tomato exists, for example fruits
vary widely in shape and size [10, 29]. The diversity of wild tomato has been enriched
by a wide range of ecological conditions that the species grows under. This wide
variation was also seen at morphological, physiological, sexual and molecular levels
[49]. Currently, more than 83,000 tomato accessions are stored in seed banks around
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the world, which makes tomato the highest ranked vegetable species collected (FAO,
2010). Also included among selection criteria, was the improved content of beneficial
components for health such as antioxidants (lycopene, vitamin C). This can be
achieved through specific mutations such as hp [37] or with the introgression of genes
from wild relatives. In order to obtain lines adapted to unfavorable conditions with
better quality and better resistance to pathogens, efforts have been made to select new
varieties of tomato and a range of varieties has been created using conventional selec-
tion methods. In this context the work of Eshed and Zamir [20] was of interest as they
created a population of introgression lines using M82 (Solanum lycopersicum)
crossed with Solanum pennellii. The wild species (S. pennellii) was a source of
genetic variability for many characters, and was used to introgress regions into the
genome of the cultivated species, thereby obtaining a population of introgression
lines (ILs) containing a small fragment of the wild species in the genetic background
of M8&2 [22]. The objectives included improving plant resistance to biotic and abiotic
stresses.

Salinity is a major environmental stress and the major limitation on agricultural
production [67]. According to Bolarin et al. [11], tomato is moderately sensitive to
salt stress at all stages of development (germination, yield, vegetative growth and
reproduction). Tolerance of tomato to salinity is a multigenic trait [23]. However
Solanum pennellii is more tolerant to salt stress and maintains dry weight and yield
[57, 64, 65]. Plants respond to salt stress by physiological, biochemical and genetic
responses [69]. Saeed et al. [55] studied the variability in the response to salt in nine
tomato accessions: root elongation data showed six accessions (LA2661, CLN2498A,
CLN1621L, BL1176, 6233 and 17870) that were considered tolerant to salinity and
three others (17902, LO2875 and LO4360) as being non-tolerant to salinity. The
study of the ionic status showed that six tomato accessions considered tolerant had
Na' exclusion capacity. In response to abiotic stress the plant produces enzymatic and
non-enzymatic antioxidant molecules in order to repair oxidative damage and remove
damaged molecules. Following exposure to salt stress S. pennellii has better foliar
and root enzymatic antioxidant activity compared to L. esculentum [39, 40]. Frary et
al. [26], showed that, under salt stress, the wild species S. pennellii revealed greater
induction of all antioxidants except peroxidase. The S. pennellii introgression lines
(IL) showed diverse responses to salinity and proved very useful for the identification
of QTL. These results show that the antioxidant profiles, salt-induced antioxidant
responses and growth responses of S. lycopersicum, S. pennellii and the ILs were
complex. Although it was generally observed that salt stress resulted in higher levels
of antioxidant compounds and enzymes in the wild species, a direct correlation
between antioxidant levels and salinity tolerance was more difficult to prove [26].

The aim of this work was to make a comparative study of the variability of three
tomato introgression lines that were genetically different, each carrying a different
fragment of the chromosome 9 of S. pennellii in the genetic background of S. /yco-
persicum M82 [27]. This region has previously been associated with improved
response to stress and increased antioxidant content [61, 63, 26].

Acta Biologica Hungarica 69, 2018



466 FEDIA REBAH et al.

MATERIAL AND METHODS
Plant material and culture conditions

Three tomato introgression lines (1L925.3, 11.925.5 and 11.925.6) [21] were first
sterilized in 10% (v/v) H,0O, for 20 min, then thoroughly washed with distilled water
and germinated on moistened filter paper at 25 °C in the dark for 8 days. Uniform
seedlings were transferred to pots containing 1 L of aerated, four-fold diluted nutritive
solution of Hoagland and Arnon [31], with one plant per pot. The solution contained
0.25 mM MgSO,, 0.125 mM KH,PO,, 0.625 mM Ca(NOs),, 0.625 mM KNO;, 0.5
uM MnSO,, 0.25 uM ZnSO,, 5 uM H;BO;, 0.025 uM (NH,)Mo,0,,, and 1.5 uM
FeEDTA. It was renewed weekly. The photoperiod was 16 h with 150 mol m=2 s-!
PAR at the plant level. The day/night temperature and relative humidity regimes were
22/18 °C and 60/80%, respectively.

Plant morphology, growth and ion accumulation

At 32 days of age, the tomato plants of the three lines were divided into 2 batches:
the first one was the control and for the second one 100 mM NaCl was added to the
nutrient solution. Eight days later, five plants per treatment were harvested (final
harvest). Fresh weights (FW) were determined immediately. The morphological
parameters were also determined (number of leaves, stem length), leaf areas were
measured on each plant using a scanner and Optimas® software. The samples were
then oven-dried for 48 h at 70 °C to determine the dry weight. Specific leaf area
(SLA), degree of succulence and degree of sclerophylly were also determined and
were calculated as follows:

SLA = leaf area/dry mass [9].

Degree of succulence = water mass/leaf area [15].

Degree of sclerophylly = dry mass/leaf area. [68]

Tons Nat, K™ and Ca?" were extracted from 25 mg samples of dried tissues with
0.5% HNOj for 48 h, filtered, and assayed by flame photometry (Eppendorf) using
butane-air flame for K™ and Na*, and acetylene-air flame for Ca?*.

Chlorophyll and carotenoid contents

For each treatment, five plants were used and individually treated. Young fresh leaves
(fifth leaf stage) of each plant were separately incubated in the dark for 72 h at 4 °C
in acetone 80% (v/v). Absorbance of each of the acetone extracts was measured at
470, 646, and 663 nm with a DU 640 Beckman spectrophotometer. Concentrations of
chlorophyll a, chlorophyll b, total chlorophylls, and total carotenoids were calculated
using the equations proposed by Lichtenthaler [36].
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Leaf anthocyanin concentration

Anthocyanin concentrations in leaves were determined according to the method of
Murray and Hackett [43]. Leaf discs were excised and placed in HCI, H,0O, MeOH
(1v, 3v, 16v) for 72 hours at 4 °C. Anthocyanin concentrations were measured at 530
and 653 nm.

Lipid peroxidation

Lipid peroxidation was determined using the thiobarbituric acid (TBA) reaction to
measure the tissue content in MDA [70]. The extraction of MDA was performed by
grinding 0.3 g of tissue with 3 mL of cold 0.1% trichloroacetic acid (TCA). The
homogenate was then centrifuged at 10 000 g for 15 min at 4 °C. The MDA content
was measured according to the method of Heath and Packer [30]. A 2 mL aliquot of
the supernatant was added to 2 mL of 0.5% 2-thiobarbituric acid (TBA) in 20% TCA.
The mixture was heated at 95 °C for 30 min, cooled in an ice bath and centrifuged at
10,000 g for 15 min. Absorbance of the supernatant at 532 nm was corrected for non-
specific absorbance by subtracting the absorbance at 600 nm, and the MDA concen-
tration was estimated using 155/mM/cm as the extinction coefficient. Five different
plants were used as replicates.

Protein extraction and enzymatic assays

Fresh powder (0.5 g) was extracted by adding 50 mM potassium phosphate buffer
(pH 7), 5% Polyvinylpyrrolidone, 5% glycerol, 1 mM dithiothreitol and 1 mM
EDTA. The homogenate was centrifuged at 13,000 g at 4 °C for 20 min. The soluble
protein content was determined according to the method of Bradford [12], using the
Bio-Rad protein assay reagent (Bio-Rad, Foster City, CA) and bovine serum albumin
as a standard.

The guaiacol peroxidase (GPX), catalase (CAT) and glutathione reductase GR
assays were measured using the same extraction procedure. For 0.5 g of aerial parts,
1 mL of phosphate buffer (50 mM, pH 7.5), which contained 5% polyvinylpolypyr-
rolidone (PVPP), 5% glycerol, | mM DTT and 1 mM EDTA was used as the extrac-
tion buffer. The solution was then centrifuged at 13,000 g for 20 min at 4 °C.

For the measurement of guaiacol peroxidase (GPX) activity, the reaction mixture
contained 50 mM phosphate buffer (pH 7), 9 mM guaiacol, 12 mM H,0,, and 60 uL.
of supernatant. GPX activity was determined by the increase in absorbance at 470 nm
due to guaiacol oxidation (extinction coefficient = 26.6 mM-! cm!) [44].

The CAT activity was estimated according to the method of Chance and Maehly
[13]. The reaction mixture consisted of 40 pL of enzyme extract, 25 mM phosphate
buffer (pH 7) and 30 mM H,O,. The depletion of H,O, was determined by measuring
the change in the absorbance at 240 nm using a UV-visible spectrophotometer. One
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unit of CAT was defined as the amount of enzyme needed to reduce 1 mol H,O, in
1 min. The specific activity was expressed as units per gram of fresh weight.

The glutathione reductase (GR) activity was determined by following the oxida-
tion of NADPH at 340 nm (extinction coefficient 6.2 mM cm!) as described by Rao
[52] One mL assay mixture contained 100 mM potassium phosphate buffer (pH 7.8),
2 mM EDTA, 0.2 mM NADPH, 0.5 mM GSSG, and the leaf extract. The assays were
initiated by the addition of NADPH at 25 °C. Corrections were made for any GSSG
oxidation in the absence of NADPH.

Ascorbic acid

The ascorbic acid contents were measured according to the method described by
Stevens et al. [62]. One g (1 g) of powder was homogenized with 600 mL of ice-cold
6% trichloroacetic acid (TCA). Samples were centrifuged for 15 min at 25,000 g at
4 °C. Twenty uL (20 uL) of the supernatant was used in each assay. Two assays were
carried out on each sample, one to measure the total ascorbate, including the addition
of 5 mM dithiothreitol (DTT), and one to quantify the reduced ascorbate form and
this by using 0.4 mM phosphate buffer (pH 7.4) (omission of DTT from the assay).
The samples were incubated at 37 °C for 20 min. Thereafter N-ethyl malemide was
added for measuring total ascorbate, or 0.4 mM phosphate buffer (pH 7.4) to measure
reduced ascorbate. Once added and mixed we followed the reaction of the color rea-
gent which contains 85% orthophosphoric acid (H;PO,), 4.6% TCA, 0.6% Ferric
chloride (FeCly), 2.4% dipyridyl in 70% ethanol. After incubation at 37 °C for 40
min, the absorbance was read at 550 nm.

Statistical analysis

All data were initially analyzed to check if they followed a normal distribution using
the Tukey and Fisher test, then two-way ANOVA were carried out using XIStat.
Means (£standard error) were separated and ranked using the Fisher post hoc test
(P =0.05).

RESULTS

For this study we chose to work on the aerial part of the plant. Salt stress negatively
affected all of the growth parameters measured in aerial parts in the three introgres-
sion lines of tomato, but in a different way from one line to another. Analysis of
variability revealed significant differences in dry weights of the different introgres-
sion lines of tomato. Dry weight was strongly affected by salinity treatments (Fig. 1),
in whole plants it was significantly lower under salinity. Indeed, the reduction was
77%, 36% and 26% in 1L.925.3, 11L.925.5 and 11.925.6, respectively. Under control
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conditions, the difference between the three lines for the number of leaves was only
significant for 1L925.5 which has a lower number of leaves than the other two lines.
Under saline conditions, 11.925.3 presents a number of leaves similar to 1L.925.5
under control conditions. Plant leaf number was reduced by 20%, 21% and 35%
respectively in 10L925.3, 1L925.5 and 11.925.6 under salinity (Table 1). For stem
length, Table 1 shows that 1L925.5 has the shortest length relative to the other lines
under control conditions. This parameter was affected by salinity treatments; the
reduction was respectively by 30%, 18% and 20% in 1L.925.3, 1L.925.5 and 11.925.6,
but the difference between the three lines was not significant (Table 1). In the absence
of NaCl in the medium, 1L925.3 has the highest leaf area followed by 1L.925.6;
1L.925.5 presents the lowest leaf area compared to the other two lines. The salt treat-
ment decreased the total leaf surface area by 64%, 22% and 40%, respectively, in
1L.925.3, 11L.925.5 and 1L.925.6. However, the leaf expansion of 1L925.5 was not
greatly affected by the presence of NaCl as compared to the other lines (Table 1).
Under control conditions leaf thickness in 1L925.5 was significantly higher than in
1L925.3 and 1L.925.6, and following treatment with 100 mM NaCl, increased leaf
thickness was noted in also three lines but it was statistically more pronounced in
1L925. The degree of leaf sclerophylly in control conditions was highest in 1L.925.3.
Salt treatment results in regression of the leaf sclerophylly except for 1L925.6 where
salinity causes a significant increase compared to the control. The degree of succu-
lence was higher in control conditions for 1L925.5, followed by 1L925.6 and finally
1L925.3, while under salt conditions a significant increase was observed in both lines
1L925.3 and 11.925.6 except for 1L.925.5 where there was no significant difference
between the two conditions. In plants grown in saline condition, the lines 1L.925.5 and
1L925.6 presented the lowest foliar concentrations of Na*, while 1L.925.3 registered

Table 1
Morphology parameters: stem length, leaf number, number of stem shoots, total leaf area and individual
leaf area of tomato. Thirty two-days-old plants grown in nutritive solution, at this age 100 mM NaCl was
added to the nutrient solution (S). Control plants (C) had no salt added. Plants were harvested after 8 days.
Mean of five plants and confidence interval for P = 0.05. Mean values with the same letter in each panel
were not significantly different at P = 0.05 (ANOVA and mean comparison with fisher post hoc test)

1L9.2.5.3 1L9.2.5.5 1L9.2.5.6
Parameters
C S C S C S
Stem length, cm 27412 1940¢d 22+1b 18414 25+]1» 2041be
Leaf number 30=£12 24+1b 24+1b 19+1¢ 29+22 19+1¢
Number of stem shoots 7+0ab 6+0be 6+1be 5+1¢ 8+1a S5+1¢
Total leaf area, cm? plant! 22+3a 8+(0cd 9+le 7+1d 15420 9+]cd
- >

Individual leaf area, cm 304040 | 1.420.1¢ | 1.5£0.0¢¢ | 13204 | 1.9+0.1b | 1.74+0.2b
leave!

Leaf thickness, cm 0.2+0¢ 0.940.1b¢ | 1.1£0.1> | 1.8+0.1¢ | 0.4+0.14 | 0.7+0.1¢
Leaf sclerophylly, mg cm2 155462 97+6¢ 65+5d 54+5¢ 104£5¢ 126440
Leaf succulence, mg cm2 S11456¢ | 74449 | 649+51> | 661+89° | 630+40bc | 8364634
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the highest concentrations (33 mmol-g-! MS). K* concentrations in leaves were sig-
nificantly different in 11.925.6 which presented the lowest concentration of K* in
control conditions. Under salt treatment, K* was reduced in the three lines but the
most dramatic regression has been observed in 1L925.3 and 11.925.5. Indeed, the
reductions were 54% and 50%, respectively in 1L.925.3 and 1L.925.5. However, the
accumulation of K* in 1L925.6 decreased by 17%. Under salinity, there was a
decrease in the accumulation of Ca2": by 49%, 43%, and 29%, respectively in
11.925.3, 1L.925.5 and 11.925.6 (Fig. 1).

Under control conditions total chlorophyll content was similar in 1L925.3 and
1L.925.5 while 1.925.6 has a lower content. Total chlorophylls were affected by salt
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Fig. 1. Dry weights (DW), Na*, K* and Ca2" contents of aerial parts of plants. Thirty two-day-old plants

grown in nutritive solution, at this age 100 mM NaCl was added to the nutrient solution (S). Control

plants (C) had no salt added. Plants were harvested after 8 days. Mean of five plants per treatment and

confidence interval for P = 0.05. Mean values with the same letter in each panel were not significantly
different at P = 0.05 (ANOVA and mean comparison with Tukey and Fisher test)
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Table 2
Contents of chlorophylls a, b, total chlorophylls, carotenoids and anthocyanins in the leaves of tomatoes
were measured. Thirty two-day-old plants grown in nutritive solution, at this age 100 mM NaCl was
added to the nutrient solution (S). Control plants (C) had no salt added. Plants were harvested after 8 days.
Mean of five plants and confidence interval for P = 0.05. Mean values with the same letter in each panel
were not significantly different at P = 0.05 (ANOVA and mean comparison with fisher post hoc test)

1L9.2.5.3 1L9.2.5.5 1L9.2.5.6
Pigment, mg-g ' FW
C S C S C S

Chl a 2.1+0.2b 1.8+0.2¢ 3.0+0.22 0.5+0d 2.2+0.3b 0.4+0.14d
Chl b 2.0+0.12 0.8+0.1¢ 1.1+0.1° 0.2+0d 1.2+0.2b 0.1+0d
Chl tot 4.1+0.22 2.6+0.2¢ 4.1+0.22 0.7+0.24 3.3+0.3b 0.5+0.14
Car. 0.14 0.3¢ 0.62 0.1d 0.5b 0.1d
Anth 0.011be 0.01320 0.010¢ 0.0064 0.0054 0.0142

in the three introgression lines (Table 2). The total chlorophyll content of leaves was
reduced in saline conditions. The reduction was more pronounced in 1L925.5 and
1L925.6 compared to 11.925.3. Indeed the reduction was by 37%, 83% and 85% in
1L.925.3, 11925.5 and 11925.6, respectively. Concerning carotenoid content, the
1L.925.5 line had the highest values and 11.925.3 line the lowest under control condi-
tions. However, in the presence of NaCl treatment, 1L925.3 had the highest carote-
noid content. Under salinity, the carotenoid content in the three lines was affected.
Indeed, we noted an increase in this pigment by 46% in 1L925.3, in contrast to what
was noted in 1L.925.6 and 1L925.5. In fact, under salinity, we recorded a decrease in
the content of carotenoids by 85% in 1L.925.5 and 1L.925.6 (Table 2). 1L925.3 and
1L925.5 lines have a similar level of anthocyanins under control conditions while
1L925.6 was the line that presents a significant difference. Under salinity conditions,
the anthocyanin concentration was affected. Indeed, we have noted an increase in
1L925.3 and 1L.925.6 (16 and 62%), while this content decreased in 1L925.5 (40%)
(Table 2).

The malondialdehyde (MDA), which is a degradation product of lipid peroxida-
tion, has shown a decline in the three introgression lines in the presence of 100 mM
NaCl. Indeed, we noted a significant reduction in MDA by 46%, 56% and 26%,
respectively, in 1L.925.3, 1L925.5 and 1L.925.6 (Fig. 2).

Under control conditions the amount of soluble proteins was almost similar and
significantly different to 1L.925.6. In the presence of 100 mM NaCl, a decreased
amount of proteins was observed in the three subILs, this decrease was of the order
of 35% in 1L.925.3 and 11.925.5, while it was around 29% only in 1L925.6 (Fig. 3).
The enzyme systems studied in this work were, guaiacol peroxidase (GPX), catalase
(CAT) and an enzyme belonging to ascorbate-glutathione cycle, glutathione reduc-
tase (GR). 1L925.5 presented low GPX activity under control conditions, while
1L.925.3 exhibits the highest activity under both conditions (Fig. 3). Under control
conditions, IL 925.3 shows much higher GPX activity compared to 1L.925.5 and
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Fig. 2. Malondehyaldehyde content in aerial parts of plants. Thirty two-day-old plants grown in nutritive

solution, at this age 100 mM NaCl was added to the nutrient solution (S). Control plants (C) had no salt

added. Plants were harvested after 8 days. Mean of five plants per treatment and confidence interval for

P =0.05. Mean values with the same letter in each panel were not significantly different at P = 0.05
(ANOVA and mean comparison with Tukey and Fisher test)

1L.925.6: this difference was about 4 times more, compared to 1L.925.5, and twice
more than 1L.925.6. GPX was significantly increased in the presence of 100 mM
NaCl in the three lines in comparison with the control treatment. Similarly to GPX
activity, salt stimulates the activity of CAT compared to the control in the three lines,
the percentage increase of catalase activity was 52%, 46% and 45%, respectively, for
1L.925.3, 1L925.5 and 1L.925.6. Under control conditions, the CAT activity was sig-
nificantly higher in 1L.925.6, compared to 1L.925.3 and 1L925.5. Under saline condi-
tions, 1L925.3 and 1L.925.6 have the highest activity and the difference between them
was not significant, while the difference was significant compared to 1L.925.5 (Fig.
3). Under the control conditions, 1L.925.6 has higher GR activity, compared to
1L925.5. Salt treatments activate GR activity. Indeed, we noted an increase in their
enzymatic activity by 69% and 46%, respectively in 1L.925.5 and 1L.925.6 but this
difference was not significant between this two lines. (Activity not determined for
1L.925.3) (Fig. 3).

Total ascorbate level (AsA) was only significantly different in the presence of 100
mM NaCl in the sub ILs 925.6 where saline treatment caused an increase in the total
ascorbate contrast of 38% (Fig. 4). Under control conditions, the total ascorbate con-
centration was almost the same for both sub ILs (IL925.5 and 1L.925.6). In contrast,
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Fig. 3. Total proteins soluble content and enzymatic activity of guaiacol peroxydase (GPX), catalase

(CAT) and glutathione reductase (GR) assays in aerial parts of plants. Thirty two-day-old plants grown in

nutritive solution, at this age 100 mM NaCl was added to the nutrient solution (S). Control plants (C) had

no salt added. Plants were harvested after 8 days. Mean of five plants per treatment and confidence inter-

val for P=0.05. Mean values with the same letter in each panel were not significantly different at
P =0.05 (ANOVA and mean comparison with Tukey and Fisher test)

1L.925.3 was much less rich in ascorbate (almost half of the other two subILs). Saline
treatment caused a significant increase in reduced ascorbate in these three sublLs: this
increase was 62%, 39% and 38%, respectively, for 1L.925.3, 1L925.5 and 1L.925.6.
The variability in the changes in reduced ascorbate in the sub ILs was very clear:
1L.925.6 had the highest reduced ascorbate levels (Fig. 4). Dehydroascorbate (DHA)
showed a significant increase (39%) in 1L925.6 following treatment of plants with
100 mM NaCl whereas in 11.925.3 and 1.925.5, DHA decreases with saline treat-
ment, this decrease was respectively 73% and 65% less than the control.
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Fig. 4. Total ascorbate, ascorbate reduced and dehydroascorbate contents. Thirty two-day-old plants

grown in nutritive solution, at this age 100 mM NaCl was added to the nutrient solution (S). Control

plants (C) had no salt added. Plants were harvested after 8 days. Mean of five plants per treatment and

confidence interval for P = 0.05. Mean values with the same letter in each panel were not significantly
different at P = 0.05 (ANOVA and mean comparison with Tukey and Fisher test)

DISCUSSION

Several previous studies have shown the variability of salt tolerance in tomato [2, 66].
Plant biomass and yield can be considered as stress tolerance markers [58]. A reduced
dry leaf weight of 30%, and of 50% in the stems of tomato was observed by Cuartero
et al. [14] following saline treatment. In our work, the lowest leaf biomass was found
in 1L925.5, which defines this line is the most sensitive to salt stress. Similar results
were demonstrated also by Juan et al. [32] in the cultivar Royesta.
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Salt stress induces a decline in growth parameters in the lines studied: it has been
proven that the answer to salinity differs depending on the concentration of salt and
tomato variety used [2]. Generally, the leaf numbers of lines was affected by NaCl
treatment. This observation was also confirmed by Munns and Termaat [41]. Indeed,
they showed that salinity causes a reduction in plant growth associated with a decline
in leaf area, which led to the death of the tissues, organs and whole plant at high
concentrations. The leaf area reduction under salinity also affected photosynthesis
[42]. Reduction of shoot number and root and stem elongation has also been demon-
strated by several authors in tomato [50, 71]. These reductions were also observed by
Oztekin and Tuzel [45] in 33 different tomato genotypes. The excessive accumulation
of Na* and CI- in the leaves was one of the harmful effects of salinity on plant growth
[5]. 1L925.5 and 11.925.6 presented the lowest foliar concentrations in Na* while in
1L.925.3 we registered the highest concentrations. Plants grown under salt stress accu-
mulate Na*, resulting in a specific ionic imbalance and the appearance of symptoms
of nutrient deficiency [32]. The increase in Na*™ concentration causes a decrease in K+,
CaZ, Mg2* which inhibits growth [58]. The potassium content decreased in the three
lines under salt stress, this has been also observed in tomato by Frary et al. [25]. Salt
stress causes a potassium deficiency in plants, which can be explained by the compe-
tition between Na™ and K* for the same transport system at the root surface [8, 54].
Salt stress causes a decrease in leaf concentration of calcium in the three lines; this
was explained by the competition between sodium and calcium through non-selective
cation channels [8, 16]. When the accumulation of Na* in the plant increases its effect
becomes increasingly toxic at various physiological levels. This toxicity includes not
only the nutritional disturbance (K* and Ca2"), but also the development of water
stress and the induction of oxidative cell damage [3, 6].

The decrease in chlorophyll and carotenoids under conditions of salinity was a
major marker of salt tolerance; this has been demonstrated by Sairam et al. [56].
Chlorophyll content decreased in three lines at 100 mM NaCl treatment. Eryilmaz
[19] also observed a decrease of 60% in chlorophyll content in tomato after 7 days of
treatment with 100 mM NaCl. The anthocyanin pigment content increased with saline
treatment in the two lines 1L.925.3 and 11.925.6, and this increase was significant for
1L925.6. Similar result was also demonstrated by Rajamane and Gaikwad [51].
Eryilmaz [19] showed that the anthocyanin pigment content increased under treat-
ment with 100 mM NaCl, this content has been increased by 73% in cotyledons and
51% in tomato hypocotyls. Based on the results obtained, anthocyanin production
seems positively correlated with the saline treatment in the aerial part of the tomato.
The anthocyanin pigments increased significantly with salt stress [33].

In our study, we noted a decrease in lipid peroxidation in the three introgression
lines under salinity but the line 1L925.5 seems to be the most affected by NaCl. This
decrease in lipid peroxidation was seen in barley by Liang [35]. This was consistent
with the results obtained by Ozturk et al. [46] in leaves of pea, and also in peanut
(Arachis hypogaea L.) by Parida and Das [48]. Increased peroxidase activity accom-
panied by a decrease in the content of MDA under saline conditions suggests that
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peroxidases were involved in the integrity of the cell membranes [48]. The lower
level of MDA under salt stress was the result of the high activities of antioxidant
enzymes (SOD and peroxidase); this was observed by Shalata and Tal [59] in wild
tomato species tolerant to salt, in wheat [18], pea [46] and cotton [17]. Similarly, a
low level of MDA accompanied by high SOD activity and peroxidases under salt
stress in cotton [38] and senna ‘Cassia angustifolia Vahl’ [1]. In Grevia ilicifolia,
MDA levels decreased significantly after exposure to salt stress, and in parallel there
was a significant increase in protease, catalase, polyphenol oxidase, SOD and lipoxy-
genase activities [33]. Plants have developed a powerful antioxidant system that
protects against damage caused by oxidative stress. These defense barriers consist of
two types: enzymatic and non-enzymatic thus protecting plant cells from oxidative
damage by scavenging ROS [28]. Rodriguez-Rosales et al. [53] observed an increase
in the activity of lipoxygenase and antioxidant enzymes such as SOD, catalase, ascor-
bate peroxidase, glutathione reductase, and glutathione-S-transferase in tomato under
saline treatment. In our work, the activity of guaiacol peroxidase was stimulated
under salinity, in the three lines of tomato. Several authors observed a simultaneous
increase in this activity in leaves and roots of Vigna radiate [47], of Oryza sativa [34].
In other studies, the authors noted an increase in total peroxidase activity under saline
conditions. Salt induces increases in enzymatic antioxidants, which could give the
tomato lines a high capacity for scavenging ROS generated by salt stress. These
results were also observed by Ozturk et al. in pea [46]. A synthesis study conducted
by Parida and Das [48] showed an increase of H,O, and MDA in the chloroplasts of
L. esculentum treated with salt. However, S. pennellii shows a decrease of these indi-
cators under the same conditions. The response of L. esculentum and S. pennellii was
in positive correlation with the activities of antioxidant enzymes in the chloroplasts.

1L.925.6 was richer in ascorbate than the two others subILs (I1L925.3 and 11.925.5),
this was explained by the presence of 2 separate QTL which contribute to the increase
in the total ascorbate [63]. The content of reduced ascorbate was higher in the pres-
ence of salt for the three sublLs and this can be explained by the presence of a QTL
which varies under the effect of the environment [61].

The salinity of the nutrient solution creates a disturbance of the nutritional status,
which has caused a disruption of plant growth of the introgression lines except for
the 1L925.6 line which was the least sensitive to the stress, probably due to its
improved compartmentalization of sodium and a better absorption of K™ and Ca2".
The salt stress induced an enzymatic and non-enzymatic antioxidant response (GPX,
CAT and GR and ascorbate) in three tomato lines. Indeed, in our study, we have also
shown that the response of the three tomato lines to salt stress by enzymatic anti-
oxidants was similar to the response of S. pennellii [64], this resemblance could be
explained by the presence of a S. pennellii region in the genetic background of L.
esculentum.
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